Abstract-Oxygenated nonpolar organic contaminants (NOCs) are underrepresented in studies of the partitioning and bioavailability of NOCs, including nonylphenol. In this investigation, we evaluated the toxicity, partitioning, and bioavailability of nonylphenol as affected by different forms of organic carbon. Along with organic carbon content, the role of organic carbon polarity was assessed. Toxicity of nonylphenol to a mysid and amphipod was comparable to results reported in the literature for marine organisms with median lethal concentrations (LC50s) of 82.3 and 236 g/L, respectively. The presence of the different forms of organic carbon in every instance altered, often statistically significantly, the toxicity and bioavailability of the nonylphenol and increased the LC50 by approximately a factor of two. Partition coefficients (K P s) for nonylphenol ranged from 21.3 for cellulose to 9,770 for humic acid; log organic carbon-normalized partition coefficients (K OC s) ranged from 1.71 for cellulose to 4.71 for sediment. An exercise to predict nonylphenol effects using our toxicity data and normalized partition coefficients indicated organic carbon content was most protective and also highlighted the need for further research to better understand nonylphenol bioavailability. These data suggested that with regard to partitioning and bioavailability, the oxygenated NOC nonylphenol behaves like conventional NOCs. The data also suggest that, with refinements, polarity may have some advantages in predicting nonylphenol bioavailability.
INTRODUCTION
The bioavailability and toxicity of nonpolar organic contaminants (NOCs), like polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs), in aquatic environments is directly dependent upon the partitioning of these chemicals between aqueous and particulate phases [1, 2] . In this environment, the aqueous, or dissolved phase, is the most readily bioavailable [2] . Early studies demonstrated that the critical factor in the magnitude of partitioning between phases was the quantity of organic carbon present, which served as the primary absorbent for the NOCs [1] . Later research showed that the magnitude of the interaction between NOCs and organic carbon also was affected by the quality of the organic carbon [3] [4] [5] [6] [7] . That is, polar forms of organic carbon (e.g., cellulose) were less effective as partitioning phases for NOCs when compared to nonpolar forms of carbon (e.g., humic materials, shale). For example, over the last 10 years, several studies have illustrated the importance of the pyrogenically derived black carbon form of carbon on the partitioning of PAHs in sediments as compared to natural diagenically derived organic carbon [8] [9] [10] .
To date, most studies examining the relationship between organic carbon quantity and quality on NOC partitioning and bioavailability have focused on chlorinated hydrocarbons, like polychlorinated biphenyls and some types of pesticides, and unsubstituted hydrocarbons, including PAHs. Little partitioning research has been performed on moderately polar NOCs containing oxygenated functional groups that may result in enhanced hydrogen bonding and weak acid-like behavior. Consequently, there is a need for further development of our partitioning-based models and understanding of the bioavailability of these contaminants. In this regard, one example of a moderately polar NOC is nonylphenol, a toxic and endocrinedisrupting chemical which has not been evaluated closely.
Nonylphenol polyethoxylates are one of the most common classes of surfactants in use worldwide [11] . When released into the environment or processed in wastewater treatment facilities, nonylphenol polyethoxylates are degraded into several breakdown products including nonylphenol [11, 12] . As a result of a relatively low water solubility of 4.9 to 5.43 mg/ L [13, 14] and moderate log K OW of 4.48 [15] , nonylphenol is expected to associate with various types of environmental particles when released into aquatic systems [16, 17] . Also, because of the presence of the oxygen-containing hydroxyl group, nonylphenol is a weak acid with a pK a of approximately 10.7 [18] . Not surprisingly, nonylphenol has been detected in environmental samples including air, wastewaters, biosolids, fish tissues, surface waters, and sediments around the world [18] [19] [20] [21] [22] [23] [24] . Further, nonylphenol elicits acute and sublethal toxicity in several aquatic species [25] [26] [27] [28] [29] , as well as causing endocrine-disrupting effects [30, 31] . For example, Lussier et al. [26] reported LC50s ranging from 17 to Ͼ195 g/L for nine marine species, including fish and invertebrates. Given the occurrence of nonylphenol in aquatic environments and demonstrated toxicological effects, aquatic organisms potentially are at risk from this contaminant. To better understand the magnitude of this risk, it is critical to know the environmental variables that affect nonylphenol partitioning and bioavailability.
In this investigation, we performed a series of studies to determine the partitioning of nonylphenol to several forms of organic carbon representative of materials occurring in some wastewater treatment facility effluents, receiving waters, and sediments. These materials include cellulose, humic acid, and estuarine sediments. Furthermore, we evaluated the effects of organic carbon form on nonylphenol bioavailability, measured as toxicity, to two marine species, the mysid Americamyis bahia and amphipod Ampelisca abdita. The objective of this study is to improve our understanding of nonylphenol partitioning and bioavailability in marine systems as they are affected by organic carbon quality.
MATERIALS AND METHODS

Source of nonylphenol, organic carbon materials, and study design
Nonylphenol (90% para-nonylphenol technical mixture, CAS 84852-15-3) was provided by R. Yunick (Schenectady Chemical, Schenectady, NY, USA).
Five forms of organic carbon were studied in this investigation. Three materials were well-characterized, relatively polar (oxygenated) reagent-grade chemicals: Cellulose powder, approximately 20 m (Aldrich, Milwaukee, WI, USA), chitin (poly-[1→4]-␤-N-acetyl-D-glucosamine; Sigma, St. Louis, MO, USA), and lignin (organosolv; Aldrich product 37,101-7 and batch 8068-03-9). Humic acid was extracted from several uncontaminated sediments from the temperate estuary Narragansett Bay (RI, USA) with sodium hydroxide followed by precipitation with hydrochloric acid [32] . The resulting humic acid was insoluble in seawater at pH less than 8.5. For this study, these extracts were composited and mixed thoroughly. Uncontaminated sediment from North Jamestown (Narragansett Bay) also was collected by grab sampler. All materials were analyzed for carbon, hydrogen, nitrogen, sulfur, and oxygen elemental content.
Based on extensive preliminary toxicity testing to determine the levels of organic carbon material each organism could tolerate during toxicity testing, as well as material availability, the following concentrations were the highest used: Cellulose, 30 g/L; chitin, 1.35 g/L; lignin, 0.7 g/L; and humic acid, 0.33 g/L. North Jamestown sediment was used in a whole form (ϳ333 g/L).
Nonylphenol solution preparation and toxicity testing
Nonylphenol was tested at nominal concentrations of 0, 61.6, 123, 308, 616, and 1,230 g/L. These concentrations were based on preliminary toxicity testing with both the mysid shrimp and amphipods. A nonylphenol solution was generated by dissolving neat standard into high-performance liquid chromatography (HPLC)-grade methanol. Testing solutions were prepared by adding nonylphenol solution or a methanol-only (solvent blank) solution to 0.22-m filtered Narragansett Bay seawater (30‰) in amber glass bottles. A seawater control was also prepared at this time. Diluted nonylphenol solutions were prepared with and without the organic carbon material additions. Bottles were placed on an orbital shaker table (150 rpm) for 24 h at 21ЊC and then transferred into exposure chambers. Initial measured concentrations of nonylphenol were determined on solutions without organic carbon material present. Measured concentrations, after 24 h of mixing, ranged from 42 to 72% of nominals; these concentrations were used for calculating point-estimate values (e.g., LC50s).
The effect of various organic carbon materials on nonylphenol bioavailability was assessed using the amphipod A. abdita and mysid shrimp A. bahia. Following 24 h of mixing, field-collected 0.71-mm A. abdita and 48-h-old laboratorycultured A. bahia were added to the exposure chambers. With the exception of the chitin, all constituents were tested in 20-ml glass beakers containing 15 ml of solution. Five amphipods and five mysids were added to each chamber and mortality assessed daily. To improve control survival responses, chitin was tested in small glass jars containing 50 ml of solution (to reduce water-quality stress). Ten amphipods and 10 mysids were added to these chambers, and mortality was assessed daily. Based on results of preliminary testing, exposures were 96 h in duration for the cellulose, humic acid, and sediment treatments and exposures with chitin and lignin were 48 h in length. Mysid shrimp were fed brine shrimp (Artemia) throughout the tests and amphipods were not fed.
Statistics
Toxicity testing and sorption studies were performed with triplicate replication and mean Ϯ standard deviation is reported. Stressor-response curves were modeled by Sigma Plot (Ver 8; SPSS, Chicago, IL, USA). Analysis of variance was used to determine if statistically significant differences (ϰ ϭ 0.05) existed between treatments with and without organic carbon (SAS Institute, Cary, NC, USA). Along with comparisons of the treatment effects (expressed as p 1 ), the interaction between treatment and dose was examined for significance as an indicator of differences in the shape of the dose-response curves (expressed as p 2 ). Point estimates (median lethal concentrations [LC50s]) were calculated using measured concentrations with the inhibition concentration (ICp) method [33] . Regressions were determined using Statistica 5.0 (StatSoft, Tulsa, OK, USA).
Sorption studies
Nonylphenol isotherms were generated in batch mode using solutions with initial nominal concentrations ranging from 205 to 1,850 g/L. Organic carbon materials and 15 ml of nonylphenol solution in seawater were combined in a 20-ml glass scintillation vial. Additions of organic materials varied, depending on the substance, from 4.5 mg (humic acid) to 450 mg (cellulose). Mixtures were equilibrated on an orbital shaker operating at 150 rpm for 48 h at 21ЊC in the dark. Following equilibration, the vials were centrifuged at 1,500 ϫ g for 30 min at 21ЊC. Five milliliters of supernatant was collected and analyzed by HPLC in order to arrive at dissolved nonylphenol concentrations (C D ). Particulate concentrations (C P ) were determined from the difference between C D and initial concentrations with consideration of the volume of solution and amount of organic carbon material. Losses of nonylphenol to vial walls were minor (Ͻ5%). Partition coefficients (K P ) were derived from the slope of the isotherm of the C P and C D relationship (i.e., C P /C D ). Normalized partition coefficients, like the organic carbon-normalized partition coefficient (K OC ), were generated by dividing K P by the appropriate geochemical characteristic (e.g., organic carbon content, polarity).
Nonylphenol analysis
Analysis of aqueous samples was performed on a Waters (Milford, MA, USA) 2690 separations module HPLC system with a Model 474 scanning fluorescence detector equipped with a ODS-AQ column (3 ϫ 150 mm; YMC, Wilmington, NC, USA). The detector was set at 277-nm excitation and 300-nm emission with a slit width of 1.2 nm. Eluents were 80% methanol/20% water (with 2% glacial acetic acid [volume/ volume]). Flow rates in all cases were isocratic at 0.4 ml/min operating at 25ЊC. The instrumental detection limit was 20 g/ L. Analytical blanks performed throughout the study were acceptable.
Geochemical analyses
A simultaneous analysis for C, H, N, and S was performed with a Perkin-Elmer 2400 Series II CHNS/O analyzer (Wilton, CT, USA) using procedures described in Ryba and Burgess [34] , including acid treatment of the sediment to remove inorganic carbon before instrumental analysis. Samples were oxidized at 950ЊC in a pure O environment using tungstic oxide/zirconium oxide (WO 3 ϩ ZrO 2 ) as catalysts. Concentrations of C, H, N, and S were detected as a function of their thermal conductivities. Oxygen analysis also was performed on a Perkin-Elmer 2400 Series II CHNS/O analyzer. Sediment samples were pyrolyzed at 1,000ЊC over platinized carbon in an environment of 94% He and 6% H. The concentration of O was detected also as a function of thermal conductivity. Based on elemental data, the polarity of each organic carbon material was calculated as (O ϩ N)/C [6] . Dissolved organic carbon concentrations of carbon contributed by the organic materials in the sorption studies were determined using a Dohrmann 190 high-temperature total organic carbon analyzer (Santa Clara, CA, USA). Standards were prepared from potassium hydrogen phthalate (Aldrich, Milwaukee, WI, USA) and samples treated with concentrated phosphoric acid before analysis.
RESULTS AND DISCUSSION
Geochemical characteristics
Carbon levels in the organic carbon materials ranged from 31 to 65%, except for the estuarine sediment which had, by comparison, minor levels of 1.6% (Table 1) . For all organic carbon materials, levels of hydrogen, nitrogen, and sulfur were relatively low, ranging between 1 to 6.5%, 0 to 6.5%, and 0.2 to 2.5% for H, N, and S, respectively. Oxygen levels, like carbon, varied between materials, with cellulose, chitin, lignin, and humic acid having relatively high levels, ranging from 28 to 60%. As in the carbon data, the sediment had low oxygen levels of only 1%. Polarities for the materials ranged from 0.46 to 1.88, with the sediment having the highest value because of relatively low carbon concentrations.
Nonylphenol toxicity
Mean toxicity of nonylphenol in this study ranged from 82.3 g/L for the mysid to 236 g/L for the amphipod (Table   2) . These values are comparable to LC50s reported in the literature that range from 17 g/L for 48-h-old flounder (Pleuronectes americanus) to 600 g/L for the shrimp Crangon crangon ( Table 2 ). Although their organisms were 24 h younger than the organisms used in the current study and the exposure was 3 d longer, Lussier et al. [26] also tested the mysid Americamysis bahia, deriving an LC50 of 60.6 g/L, which is very similar to our value of 82.3 g/L. Hecht and Boese [28] generated an LC50 for the amphipod Eohaustorius estuarius of 227 g/L, a comparable toxicity value to our amphipod (i.e., 236 g/L). However, both of these values were much greater than the LC50 of 61.6 g/L for the estuarine amphipod Leptocheirus plumulosos [26] . Part of the difference between measured toxicity values for the amphipods may result from the type and longer duration of exposure (i.e., flowthrough and 7 d) used by Lussier et al. [26] . Figure 1 presents the dose-response relationships for nonylphenol exposures with the different forms of organic carbon. In several cases, the presence of the organic carbon resulted in a clear alteration of the dose-response relationship (as compared to treatments without organic carbon added). For example, for every material from cellulose to the sediment, the dose-response curve for the amphipod A. abdita was deflected to the right, decreasing the magnitude of the curve's slope, and reflecting a decrease in toxicity (Fig. 1) . In most cases, this shift resulted in statistically significant differences between the treatments and the treatment-dose response interactions (Fig. 1) . The only exception for A. abdita was lignin, in which the treatment-dose response interaction was significantly different (p 2 Ͻ 0.000) but the treatments were not (p 1 ϭ 0.074; Fig. 1c) . Presumably, these changes in toxicity were due to a reduction in toxicant bioavailability because of partitioning to the organic carbon. The magnitude of change in the dose-response curves between those without organic carbon added and with carbon added appeared to be related to the hydrophobicity of the material. For example, cellulose and chitin, both relatively hydrophilic compounds, altered the dose-response of nonylphenol (Fig. 1a and b) ; however, they were not as effective as the hydrophobic lignin, humic acid, and sediment (Fig. 1c to e) . Amphipod LC50 ratios indicated the sediments followed by humic acid and, somewhat surprisingly, cellulose were most effective at reducing nonylphenol toxicity (Fig. 2) . In these lignin, humic acid, and sediment treatments, LC50 values increased in magnitude by factors greater than two to six (because LC50s for treatments with organic carbon added were greater than values). The cellulose LC50 ratio showed an increase of approximately two. In the chitin treatment, the LC50s increased by less than a factor of two (Fig. 2) . In contrast to the amphipod toxicity data, the mysid data are more equivocal. The presence of different forms of organic carbon, especially lignin and humic acid ( Fig. 1c and d) , did reduce the slope of the dose-response curves and consequently reduced the toxicity of nonylphenol. However, the difference between treatments with and without organic materials added were subtle when compared to the amphipod data. Also, some of the mysid data, including cellulose, chitin, and lignin (Fig.  1a to c) , appeared to elicit background toxicity despite our efforts to identify organic carbon concentrations during preliminary studies that were nontoxic to the organisms. In all cases, the treatment-dose response interactions were significantly different between the treatments (p 2 Ͻ 0.05; Fig. 1 ), but the treatments themselves were only significantly different for chitin and humic acid (Fig. 1b and d) . The sediment treatment effects, although not statistically significant (p 1 ϭ 0.064), was relatively close to being significant (Fig. 1e) . Like the amphipod results, LC50 ratios were greatest for the sediment and especially the humic acid, where the LC50s increased by factors of approximately three and greater than twelve (greater than LC50 value for carbon-added treatment), respectively (Fig. 2) . The LC50 ratios in the cellulose, chitin, and lignin treatments were less than a factor of two (Fig. 2) .
Organic carbon effects on nonylphenol toxicity
The greater frequency of amphipod toxicity being reduced by the presence of organic carbon as compared to the mysids, especially based on the dose-response relationships (Fig. 1) , may reflect the greater sensitivity of the mysids to nonylphenol. Our toxicity results, as well as the data of others presented in Table 2 , indicate that mysids can be approximately three times more sensitive to nonylphenol than amphipods (e.g., A.
abdita and E. estuarius). A consequence of this sensitivity could be that the quantity of organic material evaluated in this study was sufficient to reduce significantly the bioavailable concentration of nonylphenol to the amphipod, but insufficient to reduce consistently the bioavailability of nonylphenol to concentrations nontoxic to the mysid.
The presence of the organic carbon materials also was found to reduce pHs in the exposure chambers by 0.5 pH units on average as compared to the seawater controls. However, preliminary studies indicated these changes in pH had little effect on organism survival. Furthermore, because of the relatively high pK a for nonylphenol [18] , it is unlikely that the reductions in pH effected chemical speciation.
These data support previous investigations, which showed that the presence of organic carbon reduces the bioavailability and toxicity of conventional NOCs [35] . Specifically, these data demonstrate that the toxicity of nonylphenol, a moderately polar NOC, also is affected similarly by the presence of organic carbon. In fact, a significant regression between amphipod LC50 ratios and organic carbon content (Table 1, Fig. 2 ) was observed (p ϭ 0.05; r 2 ϭ 0.78, n ϭ 5). Conversely, the regression for the mysid was very weak and insignificant (r 2 ϭ 0.05, n ϭ 5). The form of organic carbon, that is, polar versus nonpolar, also was important in determining the magnitude of change in toxicity of the nonylphenol. The more hydrophobic forms of organic carbon, humic acid, and sediment (despite the sediment's artificially high polar index [ Table 1 ], see discussion below) were most effective at reducing toxicity, while the polar forms were less so. Despite this, LC50 ratios were correlated only poorly and insignificantly to organic carbon polarity (Table 1 , Fig. 2 ) with amphipod and mysid r 2 values of 0.49 (n ϭ 5) and 0.02 (n ϭ 5), respectively.
It is worth noting that, conceptually, the idea of a sediment's polarity is fairly clear. Practically, determining sediment polarity is problematic. Because NOCs partition to the organic carbon layer coating sediments, it is this portion of the sediment for which a polarity value is needed. However, when we calculate polarity as a combination of elemental measures, we are also including the inorganic portions of oxygen, and potentially nitrogen, in the quantity defined as polarity (inorganic carbon having been removed by preparatory acidification). Consequently, because of the presence of inorganic oxides making up the sediment, the calculated polarity value may be elevated artificially. Given this, the poor relationship observed between polarity of the organic carbon materials and changes in the toxicity of nonylphenol may be due to experimental artifacts that require further investigation.
Nonylphenol partitioning
Relationships between aqueous-and particulate-phase nonylphenol were fit with linear isotherms having r 2 values ranging from 0.68 (chitin and humic acid) to 0.87 (sediment) (see Fig.  3 for examples of isotherms). As expected, partition coefficients (K P ) for nonylphenol to the organic carbon materials varied considerably (Table 3) , with K P s ranging from 21.3 for cellulose to 9,770 for humic acid. The range of K P s likely reflects the lack of affinity between nonylphenol and the polar forms of organic carbon, like cellulose and chitin, with their lack of aromatic groups and abundance of oxygenation. Highest dissolved organic carbon concentrations were measured in the cellulose treatment in which levels reached 9.0 mg/L. For comparison, levels in the humic acid and sediment treatments were low at 2.0 and 0.1 mg/L, respectively. Based on these R.M. Burgess et al. relatively low levels, and given that the ratio of particulate carbon to dissolved carbon in the sorption vials averaged 500, we concluded that partitioning of nonylphenol, in this experimental design, to dissolved organic carbon or colloidal organic carbon probably was not substantial. Organic carbon-normalized partition coefficients (K OC s) also showed considerable range, with cellulose having a log K OC of 1.71 and the sediment a log value of 4.71 (Table 3) . Our log K OC for sediment is larger than the only other laboratory-derived nonylphenol log K OC , for terrestrial soils, of 3.97 [36] . Based on field observations, others have reported log K OC for nonylphenol ranging from 5.22 to 5.39 [21, 37, 38] . Ferguson et al. [38] noted K OC s for octylphenol derived in the laboratory were smaller in magnitude as compared to octylphenol K OC s from field observations. In this study, our laboratory-derived log K OC for an estuarine sediment was about 0.5 log units lower than the field-based observations. Similarly, During et al. was more than one log unit smaller than the fieldbased values [36] . A definitive explanation for this difference between K OC s based on field or laboratory-derivation is not yet available. A couple of relevant possibilities include underprediction of sorption due to elevated sorbate concentrations in laboratory studies and the effects of sediment aging in field sediments not captured in the laboratory [38] . Alternatively, for nonylphenol, our log value of 4.71 may be within the frequently observed variability of K OC s for sediments as discussed by Seth et al. [39] . Furthermore, During et al. may be low relative to field-based values for sediments because it is a soil K OC [36] . In a comparison of 45 sediments and 51 soils, Kile et al. [40, 41] noted soil K OC s most often were lower than sediment values for the same chemicals, presumably because of the greater degree of diagenesis and, consequently, greater hydrophobicity in sediments as compared to soils.
As discussed above, for most of the NOCs studied over the last two decades, the quantity of organic carbon present in sediment was critical to explaining the magnitude of partitioning between the aqueous and particulate phases. However, because nonylphenol contains a functional group with oxygen, the amount of particulate organic carbon may not be the only critical factor. The relationships between K P and measured sediment characteristics (Table 3 ) demonstrate this point. Organic carbon content correlated to K P with a r 2 value of only 0.16 (n ϭ 5). Polarity showed a strong relationship with a respectable r 2 of 0.62 (n ϭ 5). None of the relationships were significant using an ␣ of 0.05, although the K P -polarity relationship approached significance (i.e., p ϭ 0.12). In a study with phenol, Xing et al. [6] also found polarity was a useful descriptor of partitioning behavior. In particular, they found a very strong linear relationship between K OC and polarity for phenol for two types of lignin, a chitin, and a cellulose. We also found a strong linear relationship between K OC and polarity when only considering a very small sample consisting of the lignin, chitin, and cellulose (r 2 ϭ 0.99, n ϭ 3). Possibly because of the current difficulties with measuring polarity in sediments discussed above, K OC and polarity relationships that included sediment and humic acid were poor (r 2 ϭ 0.14 to 0.21, n ϭ 4-5).
Predicting nonylphenol bioavailability
For several organic contaminants, equilibrium partitioning has been used to predict bioavailability [42] [43] [44] . For example, Hoke et al. [44] used equilibrium partitioning to predict the acute toxicity of field sediments contaminated with the pesticides dichlorodiphenyltrichloroethane (DDT), dichlorodiphenylethylene (DDE), and dichlorodiphenyldichloroethane (DDD) to the freshwater amphipod Hyalella azteca. Based on the measured particulate concentrations, they estimated the interstitial water concentrations of each contaminant. In the sediments that elicited acute toxicity, interstitial water concentrations were within an order of magnitude of water-only toxicity concentrations that also resulted in acute toxicity to the amphipod. In the current study, we attempted to predict the bioavailable concentrations of nonylphenol in the toxicological exposures using equilibrium partitioning. In our approach, this involved predicting the concentration of dissolved nonylphenol at the LC50 in our exposures considering the presence of the different forms of organic carbon with their varying degrees of affinity for nonylphenol expressed as the K P (Table 3 ). In principle, as the affinity of the organic carbon increases for nonylphenol, the bioavailable concentration will decline and LC50 should increase (as shown in Fig. 2) .
Using the partition coefficients in Table 3 , the concentration of dissolved nonylphenol in the treatments containing organic carbon at the LC50 were predicted and compared to the measured LC50 in the exposures in which organic carbon was not added. In Table 4 , the ratios of the predicted LC50s and the measured LC50s are presented based on a pooling of data for both species tested. For several ratios, the numbers were lessthan values due to the original measured LC50s being greaterthan values. Although of limited absolute use, in cases where the ratio values already were well below 1.0, the less-than values emphasize the lack of predictive capacity of the partition coefficient used to generate the predicted value. Using the K P to predict the LC50 resulted in both over-and underpredictions of the measured LC50 values. For the more hydrophilic organic carbon materials cellulose and chitin, the LC50s either were slightly overpredicted or underpredicted, while LC50s for the humic acid and sediment were overpredicted and underpredicted for lignin. Next, for every form of organic carbon, the K OC underpredicted the LC50, including the less-than values for lignin, humic acid, and sediment (Table  4) . Finally, predicted LC50s based on partition coefficients derived from normalizing K P by polarity (K Polarity ) resulted, except for lignin, in overpredictions of the measured LC50s (Table 4) .
Although the partitioning exercise above is based on a small data set from an environmental protection perspective, underpredicting the measured LC50, as the K OC -based estimate did every time, is beneficial because the predicted LC50 will be protective of benthic organisms living in contact with nonylphenol-contaminated sediments. Also, because of the nature of the partition coefficients examined in this study, K OC is the only partition coefficient that readily is available in the literature for nonylphenol and could be predicted based on K OW [1, 2] , assuming oxygen-containing NOCs behave similarly to other classes of NOCs in water-octanol systems. However, from a scientific perspective, it is unsatisfying to be unable to predict accurately the measured LC50 without overpredicting the value, as K P and K Polarity did. Such overprediction introduces a condition resulting in underprotection of benthic organisms.
This study demonstrated different forms of organic carbonreduced nonylphenol bioavailability as manifested by toxicity. Future research on the prediction of nonylphenol bioavailability in sediments will need to investigate further the mechanisms controlling the partitioning of this class of oxygencontaining, moderately polar NOCs. Furthermore, a better technique is needed for determining the polarity of sediments; once this has been accomplished, polarity may prove a more useful geochemical characteristic for predicting nonylphenol bioavailability.
